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ABSTRACT 

This report descr ibes  the work carried out during a n  18 month period 
from August 4 ,  1966 to  March 31,  1968 to  investigate the potential of m a s s  
spectrometry to  perform the ana lys i s  of the lunar atmosphere as  part of the  
ALSEP program. 

In a study conducted in 1965-1966, the  time-of-flight (TOF) mass 
spectrometer w a s  selected over the monopole for performing a n  in-flight analysis  
while passing through the  lunar atmosphere on a coll ision course with the  surface.  
While this  possibil i ty s t i l l  ex i s t s ,  in the present s tudy,  it was assumed that the 
instrument would be set in place on the  lunar surface by a n  astronaut.  

Conducting the experiment in th i s  manner on the Moon will m a k e  it possible 
t o  improve in the  performance of the TOF, compared to the laboratory prototype, as  
the source-to-detector dis tance can be increased sufficiently to  provide a significant 
improvement in the  instrument's resolution, without any  significant increase in  weight , 
power, or complexity. 

A major portion of t he  effort during the present contract w a s  spent in the 
des ign ,  fabrication, tes t ing and evaluation of a TOF system that  would meet weight,  
power, s i z e  and other "guidelines" for lunar experiments. The performance tests 
made indicate that  the present instrument i s  capable  of performing lunar atmospheric 
ana lys i s  of all consti tuents of m a s s  1-100 possessing partial pressure above about 
10- l3  torr in a s c a n  of only a few minutes duration, at a resolution of 100  
or more. A s  it was  intended that this  program be continued, th i s  "final" report i s  
actual ly  a progress report on this  prototype TOF spzctrometer, which, in our view , 
is now sui table  for hardening into a lunar-environment-qualified model adequate for 
its proposed m i s s  ion; nevertheless ,  many avenues of potential improvement opened 
in  th i s  s tudy remain t o  be followed up in the future. 
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The Lunar -- Atmosphere 

Our present knowled-jc Q L  the composition and densi ty  of the lunar atmos- 
phere i s  largely speculat ive,  i'olarirnetric obscrvaiirns performed by Dollius (Ref. 1 .) 
indicate that the  total  pressure c iose  to  the lunar surf i - ice  cannot exceed 4 . 5  x 10- 
torr, while radio astronomical observations made by Elsmore (Ref. 2 .) fixed the upper 
limit at 1 . 5  x 1Oe1U t irr a t  the lunar sur face .  Dollfus w a s  in [act unable to  detect  
any lunar atmosphere, but the sensi t ivi ty  of h i s  apparatus was  such  that iE the lunar 
a:mospheric pressure exceedeci 4 .5  x Elsmore 
on the other hand w a s  ab le  to  measure the lunar atmosphere"'s electron densi ty  and by 
assuming a value for t h e  ratio of neutral particles present t o  the number of electrons 
h e  derived 1 . 5  x 
However, F .  Johnson (Ref. 3 .) bel ieves  this  should be corrected to  a possible pressure 
of 3 x 
there is no magnetic field in the vicinity oi the m a n  to  prevent the solar  wind from 
striking the moon. 

7 

torr it would have been detected.  

torr for the total  atmospheric pressure at the lunar surface.  

torr because of Ness's ( R e f .  4 . )  Explorer 35 s tudies  which indicate that 

A s  the lunar atmosphere is  extremely th in ,  it has  not been possible to  m a k e  
measurements of its canposit ion from earth or earth orbit, nor has  this  been done a s  
yet  by a lunar probe. A f e w  observatcry te lescopic  observations of apparent g a s  evo- 
1 ution from lunar craters have been reported, with C 2 ,  C3 , and H (Kozyrev , R e f .  5 .  
and 6 .) detected spectroscopically by te lescope .  

2 

Selenologists have postulated the presence of atmospheric consti tuents 
produced by a variety of p rocesses ,  including volcanism, re lease  of g a s  from rocks 
and magma , impact volati l ization of lunar surface material and impacting meteorites , 
and accretion of solar wind consti tuents,  as  well  a s  residua from an  original atmos- 
phere. Representative (but not exhaustive) examples of the  possible ccnstituents and 
the  type of information know ledge of their concentrations and concentration-variatirns 
can  provide a re  g iven  below. 

Until recently it w a s  thought that the dominant mechanism whereby g a s e s  
might have escaped from the moon's gravity w a s  heating by solar radiation. Calcu- 
lations indicated that ,  if the  maximum temperature reached w a s  about 400°K, a l l  
spec ies  up to  approximately M a s s  50 would have been lost  over a lunar history d the  
order of 5 x l o 9  years , while those of higher mass (e .g .  X e ,  Kr) would largely have 
been retained. However, in view or recent data  indicating that t he  solar wind may 

considerably l e s s  important loss mechanism than solar wind "pumping" for all but 
t he  l ightest  const i tuents ,  so  that the thermal escape  lifetimes given below should be 
thought of as upper limits which may in  fact  be high by many orders oi: magnitude for 
heavy spec ie s .  Gold has  pointed out ( R e f .  7 .) that  t h e  interplanetary magnetic field 
i s  sufficiently strong to eject any  ion formed in the Moon's exosphere permanently 
from the iViooa's atmosphere, s o  that  the  residence t i m e  of any gas  in t h e  lunar atmos- 
phere i s  j u s t  that  time required for it t o  become ionized, which he  est imates  at less 

' even s t r ike the  surface of the moon without deflection, thermal e scape  may be a 
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than one month (mean lifc) in a11 cases. Tilthis c a s e  the  lunar atmosphere will ( i n  
addition to de-ionized solar w ind primaries and secondaries) cons is t  only of g a s e s  
very recently re leased  by one of the  other processes l is ted above; one will have t o  
look below t h e  surface for samples for the "fossi l"  lunar atmosphere, i r  any .  

Estimated l ifetimes (thermal and "best- cstimatr," iiirllidiiiq a l l  factors) 
of some possiule  ikridr citrnosptiercJ c:on.;tituents arc iis io1 icws: 

1 
4 
14 
16 
16 
17 
18 
20 
40 
44 
80 

138 

hydro g e 11 2x108 
helium 5x107 
nitrogen (atomic) 
oxygen 
methane 
ammonia 
water (molecule) 

argon 5x 1 O6 
carbon dioxide(molecu1e) 
krypton 2 .  5x106 
xenon 1. 5x106 

ne on lX1o7  

27 minutes 

5 months 
2 years 
2 years 
5 years  

15  years 
40 years  
108 years 
109 years 
1024 years 
1041 years  

Bc si 
Estimate (sec .I  
i,if t t imc** 

2 2  minutes 
3 hours 

- 

6 mcrzths 
6 months 

6 mcnths 
1 year 

* at  400°K ** by NASA Lunar Atmosphere Working Group, 
Santa Cruz, August 1967 

For as long a s  it was  thought that  thermal escape  w a s  t h e  most important 
mechanism whereby atmospheric consti tuents could be remwed from t h e  Moon, the  
absence  of a present atmcsphere of the high-mass spec ies  l is ted above, having 
thermal escape  t i m e s  of t h e  order of l o 9  years or more, was  taken to  be strong evi- 
dence e i t h x  th s t  the Moon had had no dense original atmosphere, or t ha t  it had 
been at a temperature markedly higher than at present long encugh to  evapcrate-away 
its original atmosphere. But if  t h e  solar  wind indeed s t r ikes  t h e  moon, t h e s e  argu- 
ments a r e  invalid. bb'hile t he  f inal  test of t h e s e  theories must await an  ac tua l  ana lys i s  
of the  lunar atmosphere , it is thus the  present expectation tha t  that atmosphere will  
be a sample of recently re leased  g a s e s ,  and particulary of solar  wind res idua ls ,  and 
not of particles that  have been in  that  atmosphere over a geolcgically long t i m e .  - 

The most interesting consti tuents for study therefcre include the  following: 

'1"Jater Vapor - Determination of the  water vapor concentration will  give 

If appreciable water vapor is found, it will  
informatioil on the  availabil i ty of free water on the moon - a subject  of great interest  
in planning for its future exploration. 
indicate either that  there is unbound water in the  surface layers d the  lunar material 
(as postulated by Kopal (Ref .  8 . )  and Watson -- et a1 (Ref .  9 .) or that water being 
brought to  the  surface by volcanism, diffusion, or some other process .  If water 
vapor is pr4sent,  the study of variations in its partial  pressure from place to  place 
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wii !  be a means of prospect inj  €or water.  
estirnatcc: t z i a t  the  average water vapor molecular densi ty  near the lunar surface 
is l o J / c m d .  

Hinton and Taeiisch (Ref. 1 0 . )  have 

Determination of water by a n  Astronaut is complicated by the  fact that water 
will be re leased continuously (or nearly so) from t h e  Astronaut's own pressure s u i t  - 
a t  a rate of approximate ly 0 .3  gm/sec. from a vent ,  and also t o  a l e s se r  degree,  
from s i  
xeasurement instrument, perhaps set in place by a n  Astronaut. 

akaqe .  This problem would of course be avoided by use  of a n  unmanned 

4T7,-<4rgc7en - Even the  thermal e scape  time or' hydrogen is very short (27  min.) .  
'The amount pi-esent will  give information on solar wind intensity (the solar wind con- 
s i s t s  primarily of protor,:;) lunar leakage rate ,  and the possible presence of some other 
consti tuents such a s  water or hydrocarbons. A spectrum identified as that  of molecular 
hydrogen has  been ca)tained by Kozyrev in  Aristarchus crater by te lescopic  spectros- 
copy ( R e f .  6 .) , and the incoming solar wind proton f l u x  in the vicinity of the moon 
i s  believed to be appra imate ly  3x10 8 protons/cm 2 /sec. 

Ecl ium - There is perhaps a tenth as much helium as hydrogen in the incoming 
solar wind, and as he1 1 i:oes not combine chemically, and has  the highest iDnization 
potential cf any  g a s ,  and is neavier,  it will  probably be enhanced relative to hydrogen 
in thc  lunar atmosphere. Helium is a l so  produced in uranium and thorium containing 
rocks by xhe decay of the radioactive isotopes of t hese  elements t o  lead - providing 
6 t o  8 a lphas (He nuclei) for each decay .  

--- Argon-40 - This nuclide is the  daughter cf the  decay of 40K. The amount 
present could poterL:iaily give information on the concentration of potassium in lunar 
rocks,  leakage rates  , the age ot the moon, etc. 

-- Noble g a s e s  - It w a s  hoped that  the relative abundances of He ,  N e ,  Ar, 
Kr and Xe  in  the lunar atmosphere could be  used I as Brown (Ref. I1 .) u s e c  the same 
data  for Earth, to  make deductions on the manner of crigin cf the  moon, i . e .  I the  
presence or absence  of an original atmosphere, and extent of its l o s s ,  s ince Kr and X e  
a r e  very difficult to  remove from the  moon's atmosphere by thermal evaporation due to  
their h i j h  atomic weights,  while the other noble gases are  removed more and more 
eas i ly  by the  thermal process,  the lighter the m a s s .  Hcwever, if solar  wind pilmping 
is indeea as eftective as is indicated by the "best  estimate" lifetimes given above,  
these  spec ies  also will have been removed and any  amounts present will  a l s o  b e  newly 
produced. Possible sources for Xe and Kr are  (I) spontaneous f iss ion of U238, (2)  
f iss ion of U235 by thermal neutrons from c o s n i c  rays ,  (3) thermal f iss ion o i  U 2 3 5  
from the  reaction Oid (d, n) Ne21, and (4) p-decay of 1129 to  Xe129 and (5) e scape  
of "primeval" gases  trapped in  rocks (Edwards & Borst, R e f .  1 2  .). Isotopic analysis  
of these  two Gases may give information on the relative importance of t hese  processes ,  
as each  produces a distinctive isotope pattern, and @her processes  such  as cosmic- 

i c  

ray spallation can a l so  produce the lighter noble gases.  Another source is the r 
d I  bur: t h i s  is highly select ive in  favor of the lighter spec ie s .  Ratics of varicus 

noble g a s e s  to H in the solar  wind may be more or less as follows ,& the  wind is a 
s a n p l e  of the  whole sun: 
Xe/E 10-10. 13uL if t h t ?  sol<ir wind is instead purely exospheric in  origin, it should 
contain even relatively smaller concentrations of the heavy noble g a s e s .  

He/H - 0 . 1 ,  Ne/H - 5x10m4, Ar/H - l o m b ,  Kr/H - 
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Oxygen - Atomic oxygen is liberated in the dissociat ion 01 H,.O, CO , 
SOZ , e tc .  under ultraviolet irradiation and thus should be  present if  any of t hese  
spec ies  a re  present.  Once form&, it w i l l  remain predominantly in the atomic form 
as its partial pressure is too  low t o  make possible the rapid interaction of atms 
10 form molecules.  
ciated in a fraction of their flight t i m e s  (Spitzer, R e f .  15 .) , 
probably also constantly supplied as a minor consti tuent of the solar wind, and 
t h e  solar  wind (if indeecl it s t r ikes  the surface of the Moon),  will contribute oxygen 
to  The atmosphere by a second mechanism: 
essGntiall7 composed of various metal ox ides  , like terrestrial  rocks (which now 
must be considered very l ikely),  then far m a e  than half of the atoms struck by 
solar-wind protons w i l l  be oxygen a toms,  wherever unaltered rock is exposed. 
Even if only 2% of the suriace \ J ~  the moon is unaltered, some l o z 4  oxygen atoms 
wil l  be struck ach  second by solar-wind protons a: an  average flux of densi ty  
1 0  cm-’ sec . T h e  kinetic energy of the incoming protons exceeds by orders 
of magnitude rhe dissociat ion energies of the Ectal-oxygen bonds in the rocks.  
It therefore seems very likely that some of the oxygen atoms torn from the  mineral 
la t t ices  will  e scape  the rock and enter the  atmosphere. Such reduction of m e t a l  
oxide surfaces  has  been ojserved in simulated solarwind experimenrs (Wehner et al., 
R e f .  1 6 . ) .  

L 2 --- 

Oxygen molecules,  on the other hand, a re  likely to  be disso- 
Some mygen is 

if the  lunar surfdce cons is t s  of rccks 

!3 -7 

Nitrogen - Nitrogen a l s o  would be largely dissociated and w i l l  only be 
found if continuously produced. 
present in lunar rocks may also p r d u c e  some atomic nitrogen. 

Dissociation or‘ ammonia and nitrates possibly 

CO --2 
- Carbon dioxide is a l so  subject  to photodissociarion, though t o  a 

l e s se r  extent than oxygen and nitrogen. I ts  detection would be a clue t o  a t g a s s i n g  
of the interior, and/or the presence of volcanism. 

CH, ,  - other light hydrocarbons and NH3 - Any light hydrocarbons such as 
C H  and oth& volati le compounds such  as ammonia would also be d issoc ia ted .  
detection as molecules in an  uncontaminated atmosphere would tend to  indicate 
relatively high current production rates. 

Their 4 

- Heavy ,:ydrocarbons -- - There a re  some (perhaps not widely accepted) theories 
(Sagan, R e f .  17 ;  Gilvarry, R e f .  18; Wilson,  R e f .  19 .), which postulate tkie presence 
of high-mass hydrocarbons on the  lunar surface.  Sagan theorizes that as much as 
1 0  g oi  th i s  material w a s  formed during the  l i f e t ime  of a primitive atmosphere 
and that it is now buried under many meters of meteoritic debris .  Gii<da.-ry considers 
it possible tha t  life may have even developed in a primitive hydrosphere, which h e  
calcli..ated may have existed for as long as l o 9  years; he interprets the dark rings 

?Vilson suggested tha t  the floors of the maria might be composed of petroleum coke of 
inorganic origin; however, the Surveyor alpha-probe ana lyses  were  of basalt-like 
material .  Since their evaporation rates  cannot be high,  any  de tec t im of heavy hydro- 
carbon moleculiys or their  dissociat ion products in the uncontaminated lunar a tmcs -  
phere would indicate their indigenous synthesis  in the past  , thus lending support to  
theories such as the  above. 

several  maria as organic res idues left behind af:er evaporation 5 :he oceans .  
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- Kozyrev obtained a partial optical spectrum of f lashes  of light c, 
in a crater and in  th i s  identified bands of C 2  and possibly C 
taken as proof of present-day volcanic activity or crater outgassing, or alter- 
natively oi the  formation of acetylene by the act ion of rising water on carbides 
deposited on the surface of the moon (Kozyrev, Refs. 5 .  and 6 . ,  Urey, R e f .  20 ,  
Cohen, R e f .  2 1 ) .  And on-site search for the'se molecules in the atmosphere should 
be made to  obtain ad 

This can  be  3 '  

ional information on their  crigin. 

- S O L  : The solar wind appears to  play a triple rG;c on the  Moon, 
(a) transporting new material there from the Sun, (b) liberating gas  from the  lunar 
surface by sputtering , anu (c) removing already present particles by collision- 
ejection ( solar  wind pumping"). The cctermination of the nuclidic composition 
of the solar w ind is a f irst-priority experiment tor obtaining information on The 
internal structure oi the  sun .  If the solar wind cons is t s  entirely of protons and 
certain other light species, then it is a solar exospheric phenomenon of limited 
interest .  But if it contains heavy nuclides in approximately "cosmic" concentra- 
t ions,  th i s  will  be proof that it is a hydrodynamic flow phenomenon and the rela- 
tive abundances observed wcu!d be presumed to  be those of t he  Sun ' s  surface.  
The moon provides a suitable platform for this  measurement. (Gold, R e f .  7 .) . 

- G a s e s  introduced to  the Moon by Man - W e  first proposed the measure- 
merit of the composition or the lunar a t m o s p h e  l a g  before the U . S .  and U.S.S.R. 
had succeeded in hitting the moon with rocket probes, or landing experiment- 
carrying apparatus there.  Al l  such  materials placed on the moon by &;an of course 
contain gzseous  components which escape  into the atmosphere at varying ra tes .  
Of these ,  the consti tuents and products of rocket fuels have been most important 
quantit;i:ively . To the extent these  consti tuents have not disappeared by e scape  
from the moon or by be i lq  trapped by the moon (by chemical combination, adsorp- 
t ion,  or cryogenic trapping) , when the atmosphere characterization experiment is 
performed, t hey  will  be detected.  Such "technical" consti tuents will  produce a 
contamination spectrum that will interfere with the study of the natural consti tuents 
t o  varying degrees - certainly this  will  be true for H I  C , and 0 as a minimum. 
However, the effect ma:. not be  as serious as one might at first suppose for three 
reasons:  
consti tuents,  if in  equilibrium, will not,  and (b) it may be possible t o  distinguish 
between the two consti tuents on the basis of isotcpe ratios (one could possibly 
even isotopically label the  terrestrial substances)  and (c) for most spec ies  the 
total  amount of lunar gas  is (expected t o  be) very much greater than the amount cf 
"importedgr contaminant. 

(a) :he technical  consti tuents w i l l  decay  away with time while the natural 

There is also the pcssibility of using the  rocket-exhaust or other tecn- 
nical g a s e s  as "trac--,-:i" t o  s tudy  gas escape  and  gas trapping mechanisms on the  
moon. 

On .!-.e bas i s  of the  postulated lunar atmosphere consti tuents and surface 
pressure given above, it appears that  the spectrometer selected to  analyze ,the 
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isnar a:mosphere should be able  to  detect  consti tuents having partial pressures 
down TO Torr, or l e s s ,  a t  a resolution that w i l l  allow the  separation or' 
adjacent masses up to  ar l ea s t  mass  40-60 ,  and t o  give a somewhat poorer mass 
separation up t o  aljout mass  200. 

Choosiiiq I_ a mass  soectrometer - for lunar aAmosphere analysis  

The original goal of our program w a s  t o  recommend a mass spectrometer 
appropriate t o  determine the major and minor constituents of the  lunar atmcsphere 
d iscussed  above during passage of the analyzer through the atmosphere on a 
coliision-course t o  .ihe surface.  A number d diiferent types of mass  spectrome- 
ters  which it appeared could be made t o  m e e t  the  psrformance requirements out- 
lined above were considered. These included the quadrupole, monopole, pulsed 
TCF, ccincidence TOF, and magnetic sector m a s s  spectrometers. 

The mas;.r,etic sector mass  spectrometer w a s  rejected a t  the  outset (1965)  
s ince at the r h e  there w a s  a prohibirion ahaiilst equipment requiring xagnet ic  
fields which might adversely affect the operation of dhe r  experiments (e -9. a 
mag;ietcireterj proposed for the  mission. This objection may now be largely of 
historical interesr. Tne quadrupole was  rejecred in favor of the monopole be- 
cause  the xcriopole is s impier physicaily and electrically - i. e e , the  monopole 
has only TWO analyzer electrodes while the quadrupole has  four, t he  power supply 
t o  senerate :he monopole f ie ld  is simpler rha-c thar, used t o  generate a quadrupole 
field, and uncler identical operacing conditions the monopole has the  same resolving 
power a s  the quadrupole at half the frequency required by s, qdadrupole. An ordinary 
Tor" ikS c2.n ra-iher easi ly  be made t o  operate in the coincidence mode, a n  additional 
advarLtage of ;he TOF. 

Therefore, at rhe direction of 1TAS-4, both a monopole and a pulsed TOF 
spx t romete r  of suitable specifications were ccnstructed, in order t o  compare them 
with the aim of determi;iing which wouid be most appropria-ce for the then proposed 
Ranger-type exFeriment. These were breadboard, laboratory-construction instru- 
mexLs.  The experiments performed with them, and the conclusions drawn from 
-ihese a re  given i;l earlier reports (see Refs. 30  and 3 1 ) .  
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During the  period th i s  work h a s  been in  progress,  external factors have 
increased the relative probability that the  f i rs t  opportunity to  perform such a n  
experiment would be  a s  a part of the Apollo manned-lander program. The perform- 
ance  of the  lunar atmosphere ana lys i s  from the  lunar surface has therefore received 
primary consideration in  the  present contractual period. 

Development act ivi ty  during present contractual period: 

The statement of work in th i s  project cal led for a choice ta be made between 
a monopole or t ime-  of-flight m a s s  spectrometer based on their  relative performance 
observed in laboratory models previously constructed and the requirements of the lunar 
mission. The time-of-flight w a s  selected for t h i s  application because:  

the  larger c ross  sect ional  a rea  of the  path available to  the  ion beam 
resul ts  in a much l e s s  stringent requirement of accuracy of the  align- 
ment of source and detector ,  

the  fact there need be no mechanical connection between source and 
detector such as  the rods of t he  monopole al lows one to  use  a n  increased 
separation on the  Moon, and thereby improve resolution (bes ides ,  
moderate resolution is adequate for th i s  applicatiod, 

the  simplicity of the  TOF control electronics resul ts  in circuitry which 
would be less affected by the ambient temperature extremes of the  lunar 
surface,  and 

it is possible t o  achieve a lighter overall package, s ince  both the  cir- 
cuitry and the analyzer a re  l e s s  complex 

At the beginning of the  present contractual period the  apparatus on hand 
consis ted of two breadboard spectrometers,  a TOF and a monopole, each  housed in a n  
all-metal spec ia l  uItra-higkTacuum system. Furthermore each analyzer had the  neces- 
sa ry  electronic control/data acquisit ion system with facilities for optimizing perform- 
ance .  

Although achieving particular specifications w a s  not required by the  contract , 
the  goals  at which the  program was  aimed were as follows: 

1. 

2 .  

3. 

4. 

partial 
of io-1g torr. 

ressure  measurement capabili ty - 10-13 torr at a total  pressure 

Total power required - less than  7 w a t t s .  

Total volume occupied - t o  be less than  0.2 cu. f t .  (approx. 
5" x 5 "  x 14"). 

Output data  rate chosen to  require a maximum channel band width 
of 2 Khz. 
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5 .  Electronics t o  meet specifications over an  ambient temperature 
range from -65OC to +85OC. 

6 .  Mechanical construction - inherent capabili ty to  withstand required 
g-forces during acceleration and deceleration. 

7 ,  Materials - selected t o  minimize outgassing on the lunar surface, 
and meet other contract requirements. 

Each of t hese  goa ls  has  now been reached. H w e v e r ,  in the present system 
pressure that  can  be  measured has  thus fa r  been limited to  above 2 x torr by 
the presence of a background spectrum which , however, exhibits a dependence cn 
to ta l  p ressure ,  It seems highly probable that if  one could achieve a total  pressure 
of l e s s  than 3 x torr in this  vacuum chamber, the  background would be less 
and hence the detection limit would be lower. 
ance  of the  instruments is now adequate for the  p ropsed  lunar se rv ice .  The TOF h a s  
a dynamic range OL over 1000:  1 for adjacent-mass spec ie s  of medium m a s s ,  and is 
thus more than adequate for performing a n  ana lys i s  of the  important consti tuents of 
the lunar atmosphere in th i s  respec t  a l so .  

It appears  therefore that the perform- 

The molecules or atoms entering the instrument may have a n  initial velocity 
along the ilight tube axis  equivalent t o  up to  3 volts without seriously degrading 
resolution, At the  same time, molecules mming perpendicular to  t h e  flight-tube 
ax i s  when ionized w i l l  reach the  detector-grid if their  velocit ies a re  less than about 
2 . 9  l/mn 
8 .75  
is the mass of the particle under consideration. 

Km/sec (mm lusec) when the flight path is 8 inches ( lab model) or 
l/mn Km/sec when it is 60 inches (proposed on-Moon spac ing) ,  where Mn 
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THE TTME-OF-FLIGHT LUNAR ATMOSPHERE ANALYZER 

Principle of operation of TOF mass spectrometers 

In a time-of-flight (TOF) mass spectrometer one identifies a particular 
spec ies  by measuring the  t i m e  it takes  for that  spec ies  t o  go from the ion source 
t o  the  ion detector. If all ions are  given equal  kinetic energy (1/2mv2), then 
the flight time is mass-dependent and there is a separation of ions during their  
passage through the  flight tube, with the  lighter ions t  which travel fas ter ,  arriving 
at the  detector ahead of the  heavier ions. 

A schematic diagram of the  type  of instrument developed in th i s  work is 
shown in Fig. 1. 

The ion source is of the  two-field type ,  similar in principle t o  that  des- 
cribed by Wiley and McLaren (Ref. 2 2  .), and Agisher and Ionov ( R e f .  23.). A 
potential of about 150 V is applied t o  SV1 and SV2 and PA pulse of about 30V is applied 
t o  SV1 on t o p  of t h i s  d .c .  level. During the applications of the pulse two linear 
potential  gradients exist between SV1, SVz, and SV The gradients a r e  adjusted s o  
that  all ions of a given mass produced at different points in the ionization region and 
having identical  initial veloci t ies  in the  same direction arrive at the  entrance t o  the 
electron multiplier detector a t  the same t i m e .  The focusing effact of the  two-field 
source is not perfect, however, because of t he  spread in initial energy of t he  ions 
and because of their  random init ial  direction of motion. The length of the source 
pulse is normally about 1.7 ps, i.e. long enough to  ensure tha t  all ions produced 
have enough t ime t o  leave the  region between SV1 and SV2. 

tative of the  main consfituents (i.e. those exerting partial pressures of greater 
t han  torr) can  be shown on an oscil loscope which is triggered b the source 
pulse.  Under t h e s e  conditions it is possible t o  obtain as many as 10  complete 
spectra/second making the  TOF w e l l  suited for observing rapid changes in g a s  
composition. 

3 '  

If the source pressure is greater than about 10'' torr, t he  peaks represen- 

J 

For spec ies  having partial pressures  below torr, the  mean number of 
ions arriving at the collector per source pulse  is less than that re  uired for accurate 
peak height definition, and although partial pressures of 5 x 10' torr give viafble 
peaks on a n  oscil loscope display,  the apparent peak heights have only quali tative 
significance. For the  detection of parts per thousand at the lunar surface,  present 
estimates of the  to ta l  pressure require that  an analyzer be ab le  t o  de tec t  spec ies  
with partial pressures of 10-l' t o  torr. To be able  t o  obtain quantitative 
da ta  with a TOF it is therefore necessary to  add da ta  from sufficient spectra t o  
achieve the  desired accuracy. 

13 

Tn principle at least, the  output s ignal  from a TOF MS could be transmitted 
t o  earth for integration. But in practice, t h i s  is not practical  as the da ta  handling 
capabi l i t ies  of the  telemetry system are not great enough. Spectral integration is 
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accomplished in t h e  present apparatus by "gating" the ion beam entering the detector. 
A gating pulse is applied t o  S 

cat ion of the  source pulse the  partial pressure of any particular gaseous consti tuent 
can  be  monitored, and by opening the gate at  gradually increasing time intervals,  a 
complete mass spectrum c a n  be constructed and spectral  integration thereby accom- 
plished. The relatively slowly varying analog output of this  system can  be tele- 
metered t o  earth with e a s e .  

s o  that only during the application of th i s  pulse can  
ions enter  the electron multip !f ier .  By opening the gate a t  a fixed time after the  agpli- 

Construction Detai ls  - Prototype Lunar TOF. 

The present TOF mass  spectrometer is shown in Fig. 2 a s  it presently is 
set up in the  laboratory (i.e, in .a  self-contained vacuum system),  The source is 
shown schematically in Fig. 1. The various electrodes are made of s ta in less  steel; 
a 3.0 m i l  tungsten filament is used as the source of electrons.  A 20-stage "venetian 
blind" electron multiplier (Nuclide type EM-4A) with a number of entrance grids for 
modulation of the  ion beam with the gating pulse  is used a s  the ion detector,  The 
source and detector  are mounted on identical Ul tek  f langes which a re  bolted to t h e  
ends  of a 38-1/2" long, 2 7/8" diameter s ta in less  steel tube, providing a n  effective 
ion flight path of about 18". 

The system is evacuated by a mechanical pump, zeolite absorption pump and 
25 L/S triode ion pump. Gases  can be introduced into the  system via a f ine variable 
leak (Granville Phillips Series 9100), and the analyzer tube ,  l eak ,  and various valves 
can  be baked at 450OC. Pressures in the low 10-8 torr range are  routinely obtained 
without bakeout; the 10-l '  torr region can  b e  reached with bakeout. 

The vacuum system shown in Fig. 1 is of course necessary only in the terres- 
t r ia l  laboratory. The total pressure at the Moon's surface is expected to^be in  t h e  
high vacuum region, below low8  torr rather certainly (see above).  Therefore the  
weight of th i s  system , , the pumps, etc. can  be ignored. The source and detector show 
assemblies  per  se are  very light, as figures 3A and 3 B .  
run the instrument iinude" on the moon, but more probably a very light-gauge tube 
should b e  used t o  shield the flight path from the lunar environment. 

It may be pGssible to 

Special  protection may be required for t he  electron multiplier, because of 
t he  presence of energetic ionizing particles,  t o  reduce the  spurious count background. 
Here, operation of the instrument in  the "coincidencei'  mode (with the  detectcr  
only after a n  ionizing event in  t h e  source has  triggered it, until a n  ion arrives) offers 
one way out, a lbei t  at the cost of some sensit ivity,  since inherently by its manner of 
operation the  coincidence TOF is not able  to cope with ion currents as large as w e  
expect  in  the  non-coincidence TOF If the  pressure on the  Moon is indeed in the l o m 9  
torr range. 
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Present TOF Electronics 

A block diagram of the entire TOF electronic control system is shown in Figure 4. 

Pow BY Source: 
Lunar Surface Experiment Package is a radioisotope thermoelectric generator 
(SNAP-27) with a Pu7238 fuel capsule  heat source. This has  a 56 w a t t  (28V, 
2 amps) capacity.  A s  detailed specifications for SNAP-27 were not avai lable ,  
the electronic circuitry w a s  designed t o  perform as specified for a 2 10% input 
voltage change.  The numerous voltages needed to  operate the  TOF source dictated 
a need for a power converter. The circuit shown inPigure 5 is a dc-to-dc converter 
operating at 6000Hz chopping frequency. In this  way the  28V is transformed to  pro- 
vide the various source potentials and filament power. 

The primary power source tentatively scheduled for t he  Apollo 

The level of performance realized with the unregulated power converter 
sugge3ts  that a further improvement in noise level would result from using either a 
filament or t rap  current regulator. Originally, provisions were made t o  include in 
this  a 3KV supply (low current) to  power the electron multiplier; however, as in the 
interim a 3KV supply that can be powered directly from 223 VDC has  become commer- 
c ia l ly  available I it has tentatively been decided t o  use  i t ,  thus obviating t h e  need 
for designing this  supply. 

(Senera lJ :  The Ion Source Pulse (ISP) is in reali ty the clock for the  entire system, 
in addition t o  establishing the  gradient necessary between SV1 and SV2 (the ionization 
region) to c a u s e  the ions t o  enter the driftspace between source and collector with a n  
energy equal t o  SV1 -t ISP, 0-p. The ISP triggers two electronic circuits simultaneously, 
a slow sweep and a fast rampI the latter occurring once for each ISP, the  former tr ig- 

’ gering only once every i t h  t i m e ,  where i is the number of samples taken in presenting 
a n  integrated (averaged) spectrum. The increasing time-delay between the occurrence 
of the  ISP and the ion gating pulse is controlled with a circuit (Sweep Compare Circuit, 
SCC) which compares the amplitudes of the fast ramp and slow sweep; as the slope of 
the slow sweep is many orders slower than that of the f a s t  ramp, the time interval 
between ISP and the  time at which the  two voltages are identical increases with the  
slow sweep voltage. The SCC triggers the  Gating Pulse Generator (GPG) t o  produce 
a constant-width gating pulse superimposed or a d . c .  b ias  potential (Vsp) I and 
applied t o  the  gating grid in front of the electron multiplier. The system is, in 
principle, similar to that  described by Wager (Ref .24.). 
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Fig. 6 shows the output waveforms from the  various system component 
circuits and shows the relationships (in time) of one waveform 
to  the  others.  

Fig. 6a. 
Fig. 6b. 
Fig. 6c. 
Fig. 6d. 
Fig. 69. 

represents the  fast ramp 
represents t h e  s l o w  ramp 
represents t he  output from the  comparator 
represents  t h e  gating pulse 
represents the source pulse 

Fig. 7; is a photograph of the actual  waveforms. 

Fig. 7a. is the  slow ramp 
Fig. 75. is the reset  pulse for t h e  slow ramp 
Fig. 7c. is the  fast ramp 
Fig,  76. is the  monostable output which controls the duration of 

the  fast ramp 
Fig. 7e. is the  comparator output 
Fig,  7f. is the ion source pulse 

It w a s  not possible t o  show the  gating pulse on the  t ime  scale of Fig. 7 . 
because of its very short duration. 

Varying the length of t he  slow ramp a t  a fixed source pulse frequency var ies  
t h e  number of samples per integrated spectrum, while varying the  length of the  
fast ramp varies the mass range of the  integrated spectrum. 

The various component circuits of the gating system are  d iscussed  in some 
detai l  below. 

Fast  Ramp Circuit  (FRC) 

The fast ramp is generated using the bas i c  Miller circuit with high speed 
rese t  controlled by Q1 (see figure8 ). Q 2  provides the  necessary ga in  and 
inversion; Q 3  and Q4  are  used for isolation and supplying low output impedance. 
The mode control voltage requires that +28 volts  w i l l  reset  the output to  near 
zero while 0 vol ts  w i l l  allow for generation of the fast ramp. This voltage is 
generated by a monostable circuit (Mode Control Monostable, MCM) , Figure 9, 
triggered at each ISP to deliver a n  output pulse of 80ms duration (nominal). 

- 18 - 





n cl 
d 

I- - 
3 

n 



--I_.-- ---- 

- c  u- 

I 



Slow Sweep Circuit ( S S ~ )  

The slow sweep circuit ,  Figure 10, employs a s ingle  stage amplifier with 
capaci t ive feedback; the  input terminal is connected to a constant current source 
Because of the  high impedance level at this  point it w a s  necessary to  u s e  a 
field-effect transistor.  Reset is accomplished by utilizing the voltage swing 
at the  gate tennina12which reaches roughtly -3VDC when the  output is at 
+2OVDC. A circuit that  will  deliver a predetermined '4 

pulse of severa l  minutes duration and at the same t ime be':reset and triggered 
within a 100 MS time interval is difficult t o  design. Consequently a comparator 
w a s  used t o  s e n s e  the output reaching the -b 20 volt level and t o  preset  the  static 
control inputs of a third circuit ,  an  R-S-T flip-flop, which triggered on t h e  next 
ISP to  aga in  start the  slow sweep. In this  manner it w a s  possible to  real ize  
a trigger rejection ratio (sweep time/ISp repetition rate) up to  107: 1. 

Sweep Comparator Circuit (See) 

The comparator requirements were demanding, in that  low-hysteresis 
and fast-r ise  output were necessary to  minimize the t i m e  delay from clock pulse 
t o  sampling pulse.  The circuit used w a s  a n  NPN-PNP complementary d ,  c ,  ampli- 
f ier (similar t o  t h e  pulse shaper) with the  reference input connected t o  the  emitter 
of Q1. The hysteresis  is a function of t he  R3/Rin ratio, as t h e  feedback path forms 
a voltage divider which couples a portion of the output voltage to  the  base  of Q1. 
Should the  ratio became too  s m a l l ,  the circuit w i l l  lllatch-up" once the  input is 
triggered. The lower l imit  is defined by 

= Vhp. (min) = 0.30 volts = 0.01 
R3 V+ 30 volts 

where 

Rin = the  parallel  combination of R1 and hie, 

and R3 = feedback resistor.  

How.ever, t he  closed-loop forward gain decreases  in proportion to  the 
Rin/R3 ratio, s o  some compromise must be made between hys te res i s  and switching 
speed (switching speed Oclosed loop gain).  The de ta i l s  of the comparator circuit 
c a n  be s e e n  in Fig. 11. 

- 22  - 
1 



i 
SLOW SWEEP 

I m 

- NOTE I .  
PLACE NEAR 

EDGE BUT DO NOT 
S,LLsTI 

FIG. 10 SLOW SWEEP CIRCUIT (SSC) 

-.I. 23, -. 



5 a 
I- 
3 
O 

t 

1 
I 

1 
* 
s 



Gating Pulse  Generator (GPG) 

A pulse  generator (Fig.‘ 121 was’  needed t o  supply a very fast, constant- 
width, negative pulse on the  order of 30 volts amplitude # t he  instant the  
comparator output indicates the amplitude of the fast ramp to b e  larger than 
that  of the s low ramp. The pulse  width, adjustable from 50 ns to300 ns I is 
defined as 

pulse 

where 

width (tw) = tr -I- ton + t 
-I- tf S 

risetime 
width of pulse measured at 90% points 
storage t ime  
fal l  t i m e  

Since the bes t  r i se  and fa l l  t i m e s  that  can be expected (with the  transistors 
used) are  20 ns ,  the storage t ime must be minimized to allow for a t  l eas t  10  ns 
on-time. The load presented t o  the generator w i l l  be primarily capacitive as the  
d , c ,  impedance of the plates in the gating device is virtually infinite, excepting 
leakage across  the g l a s s  insulators to  ground. The capaci tance of the plate w a s  
calculated t o  be about 20  pf with the wiring and stray capaci tance being at least  
double that figure. The estimated total  capaci tance was approximately 80 pf. 

A s  the gating system is designed t o  allow ions to enter the detector only 
duri’ng the  application of the gating pulse , it is necessary that this  pulse be  
applied t o  the gating electrode on top of a d .c .  potential that  i s  a t  least as great 
as the ion energy. This is implemented by superimposing on the barrier^ potential, 
vbp ,  the output pulse coupled from the low impedance emitter-follower, Q4, 
through the  output impedance of the  variable power supply that supplies V bP 

Q and 9 form a high-gain, non-inverting, amplifier with a n  open-loop 
gain of 5 x 10. (typical). Even higher gain is possible when a portion of t he  
output is fed back to the  input. The output pulse  width is determined by t h e  
t ime  constant of the RC input network. The input voltage swing is typically 0-30 
volts but obviously, with the  ga in  avai lable ,  only a f e w  hundredths of a volt is 
needed to  c a u s e  the output t o  reach 30 volts. Thus, by sacrificing amplitude, 
the  input time constant  can be made very sma l l  and a very narrow output pulse  
obtained as a consequence, i.e. 50 ns as measured at 50% points. Q3 performs 
a n  inversion of the  output at the collector of Q 2 ,  and Q3 provides the low output 
impedance for driving the  capacit ive load. D3 l imi ts  any high voltage transient 
from vbp from reverse biasing the  emitter-collector junction. 
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COLLECTOR ELECTRONICS 

Genera 1 

The gated detector-multiplier schematic is shown on Fig. 13. The 
spacing between G1, G2, and G3 w a s  se lec ted  on the basis of required t i m e  
to allow the  s lowest  moving ions sufficient t ime to  traverse the Gl-GZ region. 
The input grid, G1, is grounded to  maintain a field free drift space. The gated 
grid,  G2, is biased to  approximately the ion energy level (in absence  of the- 
gating pulse).  Grounding of G3 firmly def ines  the gradient from G2-G3. The 
conversion dynode in the  electron multiplier is held at -2500 vol ts ;  thus any 
ions permitted t o  pas s  through t h e  gated detector are  accelerated prior t o  
entering the  multiplier. The electron multiplier is powered by a Thin-Verter, 
model SMU-3A, Arnold Magnetics , which operates directly from the  RTG. 

0 

Electrometer Amplifier Circuit  (EAC) 

A hybrid amplifier, Fig.  14, w a s  designed to  condition the  output of the  
electron multiplier t o  fa l l  within the dynamic range of t he  telemetry system. Long 
term drift is minimized by employing a +.15 volt regulator t o  power a l l  cri t ical  
stages. Changes in the -20 volt supply do not affect the performance of the cir- 
cuit  as the  minimum signal  level at Q3 is in excess of the  expected environmental 
extremes, A s  a resul t  of this  testing program the power supply reference diode w a s  
selected to  exhibit l e s s  than 500 uv drift for an  ambient temperature change of 100,Co 
(25OC to 125OC).  The effective gain by which a change in supply voltage is multi- 
plied in effecting a change in output voltage is approximately 16. Thus for a loloohm 
input res is tor  the resultant temperature coefficient is 8 x amp/oG. The con- 
c lusion here is that the power supply as designed w ill not contribute significantly 
to  the  net drift of the  entire amplifier when subjected t o  change in ambient of 100Co, 

Electronics Fabrication 

A photograph, 'Figure 15,  shows the cordwood type assembly used in packaging 
the electronics  The complete electronics system is shown except for the.converter 
which w a s  not built s ince  this  particular circuit would need be optimized with the 
ent i re  system operating in a n  appropriate lunar simulator e 

- 27 - 



0 
3 

ac 
111 
3 
Q 
c 

5 
2 

- 28 - 



Q5 I 
I 

FIG, 14 EL€CTROM&t'ER AMPLIFIER CIRCUIT (EAC) - 29 

% OUT 

4 - m v  



Fig. 15 

- 30- 



PERFORMANCE TESTS 

The resu l t s  presented in th i s  sect ion illustrate the  performance of t h e  
TOF under various operating conditions.  

- i o  Fig. 16 shows the  residual  spectrum at a total  pressure of 7 x 10 torr. 
The vertical scale is calibrated at 4.5 x 10'" torr/inch; the  horizontal scale at 
1 minute per inch. The ISP repetition rate w a s  5 Khz. The total time required t o  
record this  spectrum w a s  7 minutes. Using this  information, t he  number of samples 
taken in integrating the  spectrum is computed at 2 1 x l o 6  for a SNI of approximately 
l o3  over the  S/N measured in repetive mode. 

Fig. 17 ks a photograph of the spectrum in the  non-gated mode as monitored 
on the osci l loscope,  

Fig. 18' shows the partial pressure measurement capabili ty of the present 
TOF system. The vertical  s c a l e  here is calibrated at 1. 1x10'l2 torr/inch. Measured 
from the  average base  l ine,  the mass 13 peak at 8 x torris ea s i ly  distinguished 
as the noiselo-p, is approximately 3 x torr. 

A sample of Heptane, C7Hl6/ w a s  used for tests. Fig. 1,7 shows a heptane 
spectrum obtained in the  non-gated mode, while Fig. 19 shows a comparable spectrum 
with the  instrument operated in the  gated mode. The parent peak at m/e 100 is clear ly  
distinguishable and the  lower hydrocarbon groups are  c lear ly  resolved. The horizontal 
(sweep) scale is 30 sec./ inch. The resolution as calculated from the full peak width 
at 50% of the  mass 18 peak height is approximately 60. With the increased flight path 
(60 inches or more) intended to be used in the final model, the expected improvement 
of resolution would eas i ly  be  twice  tha t  observed, as resolution increases  linearly 
with flight path unless  limited by underdesigned electronics.  

Fig. 20 shows the TOF's capabili ty at a scan  rate of 5 sec/inch (approx. 
0.5 sec/amu at m a s s  3'0). In this  case the  pressure is 2x10-9 torr, a factor of 1 0  low- 

than in t h e  other spectrum. Note that  the  resolution is not worse,  perhaps even 
a bit better than* in Fig. 19, however, the  decrease  in resu l t s  in s c a n  t ime  resul ts  in 
decrease  in sensi t ivi ty .  (The apparent partial pressure scale is set at l(T1qorr/inch..) 
However the  spectrum demonstrates that  at a total  s can  t i m e  as small  as one minute 
spec ie s  present t o  the extent of 

+ er 

torr would be detected.  

The optimum set t ing for barrier potential, V as related to  the  ion energy BP' w a s  determined experimentally . Two interesting effects were observed. Namely: 

1, That the  shape  of S f i  vs (VBp - ion energy) curve I Fig 2 1 a , b , is 
influenced largely by the  magnitude of the ion energy. The optimum S/N sett ing 
is more clear ly  defined for higher ion energies (2QO volts) .  The same curve for ion 
energy on t h e  order of 150 volts is very broad in comparison to the 200 volt curve. 
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2.  The optimum sett ing of V is a l s o  a function of the  ion energy. The 
narrow-shaped S/N curve is not desira%?e from t h e  standpoint of effects due t o  long 
term drift. Furthermore the  absolute  value of S/N at the  optimum V is less for the 

energy level w a s  finally se lec ted .  
higher ion energy levels. On the  b a s i s  of these  observations the 1 F 0 volt ion 

(Note: S/N ratios were computed using the peak t o  peak noise and the  
height of t h e  largest  peak in the spectrum.) 

The effect of sensi t ivi ty  on ISP repetition rate is graphically illustrated in 
Fig. .22. At the same t i m e ,  note that length of the flight path wi l l  limit the maximum 
rate (i.e., that  at which succeeding spectra w i l l  begin t o  "overlap").  In any event 
it is optimum to  select the fastest rate determined by the  flight time of the  heaviest  
mass present in the  spectrum. For mass 250, 200 volt ion energy, and a flight path 
of 60 inches I t he  maximum rate  is calculated to  be 8 3 kc.  An ISP rate of 5 KHz w a s  
se lec ted  to  allow adequate time between spectra for various circuits to reset  and 
s tabi l ize ,  

DISCUSSION 

The resolution of a TOF mass spectrometer deteriorates if there is a signi- 
f icant energy spread in the ion beam being analyzed. 
of + 0.5 volts (S.D.) would begin t o  cause  difficulty if a resolution of 100 w a s  
d e g r e d  and ion acceleration w a s  150 volts.  

For example, a n  energy spread 

Litt le is known about the  distribution of energies of the  lunar atmospheric 
consti tuents at various heights above the surface; however, it is c lear  tha t  during 
the  lunar day their  "temperatures" w i l l  range up to  at least 400°K, from soiar  heating, 
t o  perhaps 4 x 1060K, the  higher temperature being due t o  interactions with,  for 
example, so la r  wind protons. If it is assumed that all, or at least the  vas t  majority, 
of neutral particles in  the  lunar atmosphere c lose  t o  the lunar surface have approxi- 
mately the s a m e  temperature as the lunar surface,  then the  mean temperature of the  
lu'nar atmosphere in this  region w i l l  be not greater than about 4OO0K above the  lunar 
surface but the exact form of this  temperature increase is presently not known. A 
molecule mus t  have a mean "temperature" of above 30,000°K, equivalent to  3 vol t s ,  
and be moving essent ia l ly  parallel  t o  axis of the  analyzer t o  cause  t h e  performance of 
th i s  TOF mass spectrometer t o  beg iq  to  deteriorate. It would seem that substant ia l  
concentrations of such particles wi l l  not be reached within several  hundred kilometers 
above t h e  lunar surface,  if indeed they  are  reached at all, s ince  such "temperatures" 
imply veloci t ies  sufficient to  c a u s e  the  complete e ject ion of t he  particles posessing 
them from the Moon's atmosphere,  if directed upward. The reasoning given above is 
based in part on considerations of energy absorption in the  earth 's  atmosphere at a 
height where the  pressure is approximately equal  t o  tha t  believed t o  be  present near 
t he  surface of the moon (Refs.  25,  25, 27). It seems likely, therefore, that  the  range 
over which a lunar-surface-basea 10F mass spectrometer could analyze the  neutral 
lunar atmosphere w i l l  not be limited by the  temperature distribution of t he  consti tuent 
par t ic les ,  but rather by the  detection sensi t ivi ty  of the apparatus.  

> 
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The s i tuat ion is of 'course considerably worse when one considers studying 
the  ionized consti tuents of the  atmosphere as many of these  are  expected to  have 
substant ia l  energies , ranging i n  fact up to the  energies of so la r  wind particles, even 
the  MeV energies of cosmic ray primaries. Obviously it w i l l  not be possible  t o s t u d y  
the most energetic of these  ions with any "flyable" m a s s  spectrometer, even if  
"double focusing; bes ides ,  other techniques (e.g. semiconductor-impact detectors 
&re avai lable  for t h i s ,  Ions of mcderateenergy'(2.g. up t o  s a y  100 volts) can  be  
handled by double-focusing magnetic spectrometers, or, t o  some extent ,  by "mass 
fi l ters" (monopole , quadrupole) - if they enter t he  analyzer moving near-axially . 
But a TOF such  as that described herein can  a l s o  analyze ions with appreciable 
energy (up to  s a y  10 e V )  if they are  moving perpendicularly to  the  axis of the  analyzer,  
For analyzing neutrals,  an  #@ion trap" c a n  be used to  remove ions in the  atmosphere 
so tha t  they do  not blur the  spectrum. 

It is clear  that  any lunar atmosphere considered w i l l  be partically ionized 
by charge exchange with the solar  wind and photoionization by ultraviolet radiation 
from the  s u n ,  the  former mechanism being probably the more important of the two. 
Several workers (Ref s .  2 8  a , 29. 
estimates vary from to  10- for t he  atmosphere as a whole. The only measure- 
ments on the  lunar atmosphere which give a n  indication of the  number of ionized 
particles present ,  however, were those  of Elsmore (Ref .  2 .) . His  measurements 
indicated a n  electron densi ty  of l o 3  cmm3 and he derived a n  ion densi ty  relative 
t o  that  of the particle densi ty  equal to  lom3 ~ 

have calculated the degree of ionization and 4 

Bernstein -- et al. (Ref. 29.)  have predicted that a l l  ionized particles in 
the  lunar atmosphere w i l l  be singly charged. This seems rather unlikely , how ever,  

7 .  as the  energy of solar  wind protons is 470 e V  (assuming a wind velocity of 3 x 10 
cm/sec) and the  photon energy of, for example, t h e  strong He I1 304 solar  ultra- 
violet emission l ines is 40 e V .  Since the second ionization potentials of many 
elements l ikely to  be  found in the  lunar atmosphere range from 25-40 e V ,  it is clear  
that  multiply charged ions may be found, which might considerably complicate the 
spectra  obtained. 

An advantage of the TOF over most other types of m a s s  spectrometers is its 
abil i ty to produce many spectra per unit time, It is difficult t o  capi ta l ize  on th i s  
feature for stationary-site lunar atmosphere ana lys i s  as the operating pressure is s o  
s m a l l .  On the  other hand it is most useful in a probe moving through a n  atmosphere. 
However, da ta  handling equipment of a n  impractically high s ignal  bandwidth would 
be required t o  monitor individual spectra.  To overcome these  problems , the  gated 
ion detector w a s  developed, allowing ions of a given m a s s  t o  be added over several  
'spectra , whereby a n  output spectrum is obtained showing considerable signal-to-noise 
improvement. At a total  pressure of 7 x 10"lo torr, partial pressures as s m a l l  as 
8 x lO"l3 torr were clearly distinguishable while. the noise w a s  on the  order of 
2 x torr. A s  this  "noise" is in part pressure dependent,  it is reasonable to  
expect that  dt the  reduced pressures  expected on the lunar surface,  partial pressures 
as s m a l l  as torr w i l l  be measurable. Recent tests with the breadboard TOF 
showed a resolution of 60  at a measured sensi t ivi ty  of 5 x 10-3 ion amp/torr. While 
the  present source t o  detector spacing is 20" , the  proposed final spacing is 60" , 
which could as much as triple the  resolution. Because of the  large c ros s  sect ion 
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of the  ion beam (ca. , I t )  the  vertical  alignment of t he  source and detector  is not very 
critical: while parallelism of source and detector grids is more important, t o  achieve 
the  resolution figures used herein,  only rather eas i ly  achievable alignment is re- 
quired. Little or no sacr i f ice  in sensi t ivi ty  would b e  experienced if t he  flight path 
w a s  increased t o  60". For reasons explained earlier, t h e  ISP repeti t ion,  limited t o  
8KHz by the  60" length,  has  been selected as 5KHz t o  avoid the possibi l i  

. overlapping spectra or insufficient recovery t i m e  for the  control electronics.  

Although th i s  TOF w a s  originally chosen and designed for in-flight lunar 
atmosphere ana lys i s ,  it is certainly sui table  for atmosphere ana lys i s  performed 
on the  lunar surface as part of either a manned or unmanned mission. A manned 
mission offers at least two advantages over either a n  unmanned landing or crashing 
mission. First ,  t he  apparatus could be carried some d is tance  from the lander,  thus 
reducing vehicle outgassing contamination problems. In addition, t he  astronaut,  
by setting-up the  TOF with a considerably greater source t o  detector spacing than 
is practicable on either a n  unmanned lander or atmosphere-transiting vehicle could 
increase the  resolution of the instrument substant ia l ly  over that which could be 
obtained in the confined of a vehicle ,  with no weight increase.  (This is only true 
for a TOF spectrometer,) 

In contrast ,  however, a consequence of performing the  lunar atmosphere 
ana lys i s  experiment on the  lunar surface rather than during passage of the apparatus 
through the  atmosphere is that  no information about the  variation of the  atmospheric 
composition with al t i tude c a n  be obtained. It is true that the  sensi t ivi ty  requirements 
of the  spectrometer become more severe a t  increasing d is tances  above the  lunar sur- 
face, however the  decreasing atmospheric densi ty  with alt i tude is compensated for 
t o  some extent, by a "ram effect" due to  the  motion of the spectrometer through the 
atmosphere, During the final s t ages  of a flight to  the  Moon, t he  analyzer  would be 
moving f a s t e r  than the thermal velocity of most of the  particles in the  lunar atmos- 
phere. Thus, if the  analyzer were mounted at the  front of the  vehicle ,  t he  source 
pressure would be higher than the total  ambient pressure and th i s  increase might be 
as much as a n  order of magnitude. The "ram effect" is m a s s  dependent,  as the  mag- 
nitude of the  effect is determined by the  analyzer velocity relative t o  the  molecular 
thermal velocity,  and t h i s ,  in a n  isothermal atmospheric layer,  is inversely propor- 
t ional t o  the square root of the m a s s  of a molecular or atomic spec ies .  

For in-flight ana lys i s  of the  lunar atmosphere the  "ram effect" would be 
helpful, as it would be for the in-flight ana lys i s  of the  outer layers of planets with 
more dense  atmospheres such  as Mars ,  Jupiter, Venus, and t h e  Earth. As  the  sur- 
faces of t hese  planets are approached, however, the. analyzer pressure will  r ise  
until the  instrument becomes inoperative due to  filament burn-out, or when the  
mean-free-path of ions in the  analyzer begins to  approach 1% of-the ion flight path 
d is tance  in the  TOF, In this  case, the  "ram effect" increases  the  height above the  
planetary surface at which th i s  failure occurs.  (Provision of a vacuum pump of 
course can  reduce it substantially.)  

The mass spectrometer promises to be a powerful tool for planetary atmos- 
phere ana lys i s  either performed on the  surface of the planets or during passage of 
the analyzer through their atmospheres,  As the  initial missions t o  planets beyond 

-42- 



the  moon are  l ikely t o  use  either crashing or orbiting vehicles  , analys is  of 
their  atmospheres w i l l  have to be performed in flight. It is our belief that  a 
TOF mass spectrometer of the  type presently being developed for lunar atmos- 
phere ana lys i s  could , with sui table  modifications , be used t o  determine the 
composition of t hese  atmospheres Pumps would be  used t o  extend the range 
in the atmosphere over which the spectrometer could operate, and ,  in atmos- 
pheres denser  than that of the  Moon, advantage could be taken of the rapid 
ana lys i s  ra te  of the  TOF . 

A s  w a s  mentioned above, if t he  lunar atmosphere ana lys i s  experiment 
was  performed on the  lunar surface,  it would be desirable  t o  set up the  experiment 
at some d is tance  from the lunar lander in  order t o  minimize vehicle outgassing con- 

. tamination effects, Placing the  experiment on the  lunar surface outside the  lander 
requires that the  apparatus be designed t o  operate in the  hosti le temperatures and 
radiation environment of the  moon, Temperature control must be provided to  main- 
ta in  the  equipment temperature within somewhat smaller temperature l imi t s  than 
the extremes of 150°K and 400°K attained by the lunar surface in a night and day  
cycle .  The incidence of particles such as solar  wind protons and various forms 
of radiation-gamma , x-ray , U. Y. , etc. and any radioactivity arising from the  
lunar surface layer can  contribute t o  a serious noise problem - especial ly  as an  
electron multiplier is mandatory to  sa t i s fy  the high sensi t ivi ty  requirements of t he  
apparatus.  This noise level w i l l  not be constant but w i l l  f luctuate with solar  
activity and with the passage of the  apparatus from day into night, the noise level 
being highest  during the daytime and smallest during the  night when the  bulk of 
the  moon w i l l  shield the  experiment from the  solar  wind and so lar  radiation. We 
have d iscussed  these  problems in ear l ier  reports (Ref .  17) e 
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RECOMMENDATIONS FOR FUTURE WORK 

A s  the  above report indicates ,  th i s  development program has  now 
reached a point where a n  apparatus exists in the  labaatory which meets the cri- 
ter ia  set for a n  in-flight lunar atmosphere analyzer,  the  original goal  of th i s  
program. 

In the  meantime how ever changes in directicn in  the  space  program have,  
apparently,  ruled out such a mission in f a v a  of performing lunar atmosphere 
ana lys i s  as part of the manned lunar exploration program. The instrument as it 
s tands  is at least adequate for th i s  service and in fact the  Astronaut can  enhance 
the  instrument's capabi l i t ies  significantly by sett ing up the  instrument in a n  
optimum orientation not possible by a n  unmanned mission. 

Given a n  immediate go-ahead, t he  present laboratory device could be 
''hardened" into a satisfactory final configuration without difficulty. 

A t  the same time, there a re  cbvious a reas  in which additional work could 
produce improwements. Some of these  are  as follows: 

1. Incorporate provision in  the electrcnics for remote measurement 
and/or control of important parameters to permit optimization of performance, to  
facilitate trouble-shooting, to  compensate for similar changes in performance, etc. 

2. Construct a version with a "coincidence" circuit and test its capa- 
bil i t ies v s  the non-coincidence TOF , in  various environments of interest  - i.e. 
at total  P from lo'* to  torr, in strcng "cmmic ray" f lux,  etc. (An existing 
coincidence TOF built under NASA sponsorship by ancther contractor is laboratory 
scale; however, a part of the technology developed in applicable .) 

3 .  Investigate performance a s  a function of source t o  collector drift- 
space  spacings.  

4. Perform long-period runs t o  simulate long-duration ana lyses  made by 
a TOF left behind on Moon by Astronauts. Confirm that if long-term accelerating 
voltage drift is kept less than 100 ppm, length of time taken for ana lys i s  i s  imma- 
te r ia l  

5. Investigate performance when icns make up a n  appreciable proportion 
of the gas t o  be analyzed. 

6. Investigate whether t h e  device as it now exists is a superior starting 
point for a l ight,  portable instrument for applications such as 

a. monitoring toxic consti tuents of confined atmospheres (space- 
craft, submarines, etc ,) 

b. unmanned probe atmospheric compositicn s tudies  of planets 

C .  detection of chemical (gas) warfare agents  
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d , 
(exha u s  t s tudies)  

monitoring performance of internal combustion engines 

e.  monitoring rxygen content d blood via breath-by-breath 
ana lys i s ;  patient monitoring in hospi ta ls ,  etc. 
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